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We measured the absorption spectrum of a single T-shaped, 14×6 nm lateral-sized quantum wire
embedded in an optical waveguide using waveguide-transmission spectroscopy at 5 K. In spite of its
small volume, the one-dimensional-exciton ground state shows a large absorption coefficient of 80
cm−1, or a 98 % absorption probability for a single pass of the 500-µm-long waveguide.
In quantum wires, interband optical transitions are ex-
pected to have enhanced oscillator strength at the low-
est energy levels[1]. This enhancement originates from
the inverse-square-root divergence of the one-dimensional
(1D) joint density of states, and then from the enhanced
excitonic effects in 1D systems. In fact, these two ef-
fects have been intensively studied in theories[2, 3, 4, 5]
and in experiments of photoluminescence (PL) and PL-
excitation (PLE) spectroscopy[6, 7].
In optical device applications[8, 9, 10, 11], however,
small volume of wires, and hence a slight overlap between
the quantum wires and the optical waveguide, should re-
duce modal absorption and gain in devices, which could
be a critical drawback. Therefore, it is important to per-
form direct absorption measurements and characterize
the absorption spectra quantitatively for quantum-wire
devices. Until now, such data has never been reported.
In this letter, we report the absorption spectrum of
a single T-shaped quantum wire (T-wire) at 5 K for
light propagating along the T-wire. To measure the ab-
sorption spectrum, we employed waveguide-transmission
spectroscopy using an appropriate interaction length[12].
Even though this is a good method for investigating
the absorption of small-volume nanostructures, it re-
quires uniformity of the nanostructures over the en-
tire length. Because the T-wire is fabricated us-
ing the cleaved-edge overgrowth with molecular-beam
epitaxy[13] and a newly developed growth-interrupt
annealing technique[14], it has unprecedented high
uniformity[15], and the absorption-coefficient peaks that
correspond to the 1D-exciton ground state, excited state
1D-exciton, and 1D continuum states are clearly resolved
and evaluated in the spectrum.
Figure 1 shows schematic views of the single T-wire
sample and the waveguide-transmission experiment. A
single T-wire is formed at the T-shaped intersection of
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an (001) Al0.07Ga0.93As quantum well (stem well) and a
(110) GaAs quantum well (arm well). The T-wire size is
14×6 nm. The contour lines show a constant probability
for electrons confined in the T-wire (|ψ|2 = 0.2 ∼ 1.0).
The T-wire is embedded in the core of the T-shaped op-
tical waveguide (T-waveguide) that consists of 514-nm-
thick (001) layers and 127-nm-thick (110) layers, sur-
rounded by Al0.5Ga0.5As cladding layers. A 500-µm-long
Fabry-Perot cavity is formed by the uncoated cleaved
facets. Details about the fabrication processes and las-
ing properties of the single T-wire are reported elsewhere
[16].
The waveguiding modes are calculated using a finite
element method for the T-waveguide model of a 514-
FIG. 1: Schematic views of the single T-wire sample (above)
and the waveguide-transmission experiment (below). Percent-
age for each layer represents the Al content of AlxGa1−xAs.
The sample was attached to a copper block in the cryostat
and cooled to 5 K.
2nm-thick (001) layer of Al0.35Ga0.65As (refractive index
n=3.38) and a 127-nm-thick (110) layer of Al0.1Ga0.9As
(n=3.56) surrounded by Al0.5Ga0.5As layers (n=3.28).
The refractive indices, n for 1.580 eV at 5 K, used in the
calculation are derived from the data for 300 K [17] at
energy shifted by the band-gap-energy difference for the
temperature. The lowest calculated waveguiding mode
has a mode refractive index of n=3.38, and an optical
confinement factor of Γ = 4.6× 10−4, which is defined as
the overlap portion of the 14×6 nm area of the T-wire.
This Γ value is about two orders of magnitude smaller
than that of ordinary multiple-quantum-well lasers.
A tunable continuous-wave titanium-sapphire (TiS)
laser was used as the light source and divided into a
1 % duty ratio. The laser beam was spatially filtered,
focused by a 0.5-numerical-aperture objective lens to a
spot with a diameter of about 1 µm on the cavity facet,
and then coupled to the T-waveguide. The transmitted
light from the other cavity facet was collimated using
an objective lens and coupled using another lens to an
optical fiber with a core diameter of 50 µm, in a confo-
cal microscope configuration. This configuration enabled
us to eliminate the stray light, which does not propa-
gate through the T-waveguide. Furthermore, we checked
the mode pattern of the transmitted light from the T-
waveguide using the microscopic imaging method[18],
and confirmed a circular pattern that corresponded to
the lowest mode for all wavelengths. The transmitted
light intensity I(λ) from T-waveguide was measured us-
ing a liquid-nitrogen-cooled CCD detector with scanning
wavelength λ of the TiS laser. After removing the sam-
ple and adjusting the focus of the lenses, we measured
incident light intensity I0(λ) to obtain the transmittance
spectrum T (λ) = I(λ)/I0(λ). Because the T-wire is op-
tically inactive for polarization parallel to the stem well,
the polarizations of incident and transmitted light were
both set parallel to the arm well using two polarizers.
Figure 2(a) shows the transmittance spectrum T (λ)
for the single T-wire around the band gap at 5 K. We set
I0(λ) to 200 nW or less to avoid absorption saturation,
which occurs above 440 nW. The spectral resolution is
0.025 meV, as defined by the scanning steps of the laser
wavelength. Strong attenuation is observed at 1.5828 eV
and above 1.600 eV due to excitons in the T-wire and arm
well, respectively. This will be explained later. In the
other region, we observe clear Fabry-Perot oscillations.
The equation for the transmittance spectrum is given
by
T (λ) =
(1−R)2e−α(λ)Lη
{1− e−α(λ)LR}2 + 4e−α(λ)LR sin2 δ(λ)
(1)
where R is reflectance of 0.295 corresponding to n=3.38,
L is the cavity length of 500 µm, α(λ) is modal absorption
coefficient, η is the coupling efficiency of the incident light
to the T-waveguide, and δ(λ) (= 2pinL/λ) is the round-
trip phase difference in the cavity, respectively. As will be
FIG. 2: (a) The transmittance spectrum T (λ) of a single
T-wire for light polarized parallel to the arm well at 5 K.
(b) The absorption spectrum derived from the transmittance
spectrum.
proven later, analysis of the Fabry-Perot fringes enables
estimation of the coupling efficiency η, and the obtained
value is η=0.24±0.05. The second term in the denomi-
nator can be ignored in large absorption coefficients.
In Eq. (1), sin2 δ(λ) can be replaced with 1/2 if we
take the inversed average of T (λ) over one oscillation pe-
riod. Then, α(λ) can be derived from the equation with-
out oscillation. Indeed, we took the inversed average of
T (λ) in Fig. 2(a) over an oscillation period of 0.285 meV
except for the strong-absorption regions without fringes,
and derived α(λ) using η=0.24.
Figure 2(b) shows the absorption spectrum for the sin-
gle T-wire at 5 K. It should be noted that the line shape
of the absorption spectrum agrees well with that of the
PLE spectrum[7], and we are able to observe the assigned
structures of the 1D-exciton ground state, the excited
state of the 1D-exciton, and the 1D continuum states,
as denoted in the figure. The absorption above 1.600
eV is due to the arm well. The absorption peak of 1D-
exciton ground state has a full width at half maximum
(FWHM) of 1.6 meV. The Stokes shift, that is the peak
shift energy of PL and absorption peaks, is below 0.5
meV[6]. These demonstrate the high uniformity of our
quantum wire in the whole region. It is remarkable that
3both sides of the exciton peak drop sharply to the back-
ground level. The small additional peak at around 1.5856
eV (dashed arrow) is due to the T-wire that consists of
a 1-monolayer-thinner arm well[14].
The absolute values of the absorption coefficient shown
in Fig. 2(b) are the key results of this experiment. In
the low-energy region below the 1D-exciton ground state,
there is a background absorption of 3.5 cm−1. This is
likely due to waveguide loss and it adds a flat back-
ground to the whole spectrum. The absorption maxi-
mum for the 1D-exciton ground state shows α=80 cm−1,
when we subtract the waveguide loss. The area of ab-
sorption coefficient for the peak is evaluated to be 190
cm−1meV. The value of α=80 cm−1 gives e−αL=0.018,
which means that 98 % of the transmission light is ab-
sorbed by a single pass of the 500-µm-long waveguide.
This demonstrates a strong excitonic absorption of the
single T-wire, in spite of the small optical confinement
factor Γ = 4.6 × 10−4. On the other hand, the absorp-
tion coefficient of 1D continuum states is about 16 cm−1.
This is much smaller than that of the 1D-exciton ground
state, and the inverse-square-root singularity at the band
edge is absent, as predicted theoretically[4].
For a 7×7 nm lateral-sized T-wire, Wang and Das
Sarma calculated the material absorption coefficient α/Γ
of the 1D-exciton ground state at 10 K[5]. From the
figure shown in their paper, the area of material absorp-
tion coefficient for the peak is estimated to be 6.2× 102
cm−1eV. If we embed a 7×7 nm T-wire into our T-
waveguide, where Γ is 2.70× 10−4, the area of the modal
absorption coefficient becomes 167 cm−1meV. This shows
good agreement with our experimental result.
We verify the accuracy of α and η, based on the Fabry-
Perot-fringe analysis method by Hakki and Paoli[19]. In
this analysis, α is derived from the ratio of transmittance
maximum Tmax and minimum Tmin in each oscillation us-
ing Tmax/Tmin = {(1 + e
−αLR)/(1 − e−αLR)}2[19], and
η can then be derived from Tmax or Tmin in Eq. (1). The
analysis tends to overestimate α if the spectral resolution
is not high enough and to have large scattering or error
in the region of strong absorption [20], but it is useful for
checking the internal consistency. In Fig. 3, the open cir-
cles (◦) and dots (•) plot η and α, respectively, using this
analysis. This allow us to achieve a coupling efficiency of
η=0.24±0.05. In the figure, the absorption spectrum of
Fig. 2(b) derived for the constant η=0.24 is shown using
a solid curve. The two absorption shapes are similar and
the difference or experimental error is at most 3 cm−1.
In summary, we measured the absolute values of the
absorption coefficients for single-quantum-wire device us-
ing waveguide-transmission spectroscopy. The single
quantum wire has a sharp, strong absorption peak at the
energy of the 1D-exciton ground state for the light prop-
agating along the wire, in spite of its small volume. This
shows great promise for future applications of quantum
wires to optical devices.
FIG. 3: A comparison of the absorption coefficient α derived
using Hakki and Paoli’s method (dots) with that shown in Fig.
2(b) (solid line). They correspond to the left longitudinal axis.
Open circles with right longitudinal axis show the coupling
efficiency η derived using Hakki and Paoli’s method. The
dotted horizontal line represents η=0.24.
This work was partly supported by a Grant-in-Aid
from the Ministry of Education, Culture, Sports, Science,
and Technology, Japan.
[1] M. Asada, Y. Miyamoto, and Y. Suematsu, Jpn. J. Appl.
Phys. 24, L95 (1985).
[2] R. Elliott and R. Loudon, J. Phys. Chem. Solids 8, 382
(1959).
[3] S. Abe, J. Phys. Soc. Jpn. 58, 62 (1989).
[4] T. Ogawa and T. Takagahara, Phys. Rev. B 44, 8138
(1991).
[5] D. Wang and S. Das Sarma Phys. Rev. B 64, 195313
(2001)
[6] H. Akiyama, M. Yoshita, L. Pfeiffer, K. West, and A.
Pinczuk, Appl. Phys. Lett. 82, 379 (2003).
[7] H. Itoh, Y. Hayamizu, M. Yoshita, H. Akiyama, L. Pfeif-
fer, K. West, M. Szymanska, and P. Littlewood, Appl.
Phys. Lett. 83, 2043 (2003).
[8] Y. Arakawa and H. Sakaki, Appl. Phys. Lett. 40, 939
(1982).
[9] E. Kapon, D. Hwang, and R. Bhat, Phys. Rev. Lett. 63,
430 (1989).
[10] W. Wegscheider, L. Pfeiffer, M. Dignam, A. Pinczuk, K.
West, S. McCall, and R. Hull, Phys. Rev. Lett. 71, 4071
(1993).
[11] H. Yagi, T. Sano, K. Ohira, T. Maruyama, A. Haque,
and S. Arai, Jpn. J. Appl. Phys. 42, L748 (2003)
[12] J. Weiner, D. Chemla, D. Miller, H. Haus, A. Gossard,
W. Wiegmann, and C. Burrus, Appl. Phys. Lett. 47, 664
(1985), R. Grousson, V. Voliotis, P. Lavallard, M. Roblin,
and R Planel, Semicond. Sci. Technol. 8, 1217 (1993)
[13] L. Pfeiffer, K. West, H. Sto¨rmer, J. Eisenstein, K. Bald-
win, D. Gershoni, and J. Spector, Appl. Phys. Lett. 56,
1697 (1990).
[14] M. Yoshita, H. Akiyama, L. Pfeiffer, and K. West, Appl.
Phys. Lett. 81, 49 (2002).
[15] M. Yoshita, Y. Hayamizu, H. Akiyama, L. Pfeiffer, and
4K. West, Physica E. 21, 230 (2004).
[16] Y. Hayamizu, M. Yoshita, S. Watanabe, H. Akiyama, L.
Pfeiffer, and K. West, Appl. Phys. Lett. 81, 4937 (2002).
[17] D. Aspnes, S. Kelso, R. Logan, and R. Bhat, J. Appl.
Phys. 60, 754 (1986).
[18] Y. Takahashi, S. Watanabe, M. Yoshita, H. Itoh, Y.
Hayamizu, H. Akiyama, L. Pfeiffer, and K. West, Appl.
Phys. Lett. 83, 4089 (2003).
[19] B. Hakki and T. Paoli, J. Appl. Phys. 46, 1299 (1974).
[20] V. Jordan, IEE Proc.-Optoelectron., 141, 13 (1994).
